Most fluorescent proteins exhibit multi-exponential fluorescence decays, indicating the presence of a heterogeneous excited state population. In the analysis of FRET to and between fluorescent proteins, it is often convenient to assume that a single interaction pathway is involved. However, in recent work we have shown that this assumption does not hold. Moreover, certain pathways can be highly constrained, leading to the potential misinterpretation of experimental data concerning protein-protein interactions. FRET and single-photon absorption both obey the same global electric dipole selection rules but differ greatly in the mechanism of the acceptor photoselection. In an isotropic medium, single-photon excitation accesses all acceptor transition dipole moment orientations with an equal probability. However, the FRET rate depends on the relative orientation of the donor and acceptor through the κ 2 orientation parameter. We show how time-and spectrally-resolved fluorescence intensity and anisotropy decay measurements following direct acceptor excitation, combined with those of the interacting FRET pair, can be used to identify restricted FRET state selection and thus provide accurate measurements of protein-protein interaction dynamics.
BACKGROUND AND CONTEXT
Förster resonance energy transfer (FRET) has become an important and widely used tool in the study of nanoscale molecular interactions, with applications spanning nanotechnology 1 , biophysics 2 and the study of biochemical processes in live cells 3 . The principles of FRET and its application as a nanometer ruler by Stryer and co-workers 4 have been well established for over four decades with synthetic donor and acceptor fluorophores 5 . The development of genetically encodable fluorescent proteins as fluorescent markers 6 , and more recently as FRET donors and acceptors 7 , has been a particularly important milestone, as recognized by the 2008 Nobel Prize in Chemistry 8 . However, in contrast to synthetic fluorophores, fluorescent proteins regularly exhibit intrinsic heterogeneous excited state decay dynamics [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Recent work in our laboratory has shown that the donor-acceptor pathways in fluorescent protein FRET can be highly restricted and if unrecognized this can lead to significant errors in the interpretation of experimental data 9 . The impact of environmental heterogeneity on FRET when probing biological systems has also been recognized by a number of groups 19, 20 . Intrinsic fluorescent probe and environmental heterogeneity therefore poses a significant problem for accurate quantitative FRET measurements.
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RESTRICTED STATE SELECTION IN FRET BETWEEN EGFP & mCHERRY

EGFP and mCherry Photophysics
With both single and two-photon excitation, the fluorescence decay dynamics of non-protonated enhanced green fluorescent protein (EGFP) are well described by bi-exponential decays [9] [10] [11] [12] , as summarized in Table 1 . Fluorescence from EGFP therefore arises from two intrinsically different excited state populations. In contrast, the orientational dynamics of EGFP manifest in the fluorescence anisotropy is well described by a single rotational correlation time with an initial anisotropy close to the theoretical maximum for single or two-photon linearly polarized excitation 9, 17, 18 . The nature of the excited state heterogeneity in EGFP has yet to be determined. However, similar biexponential decay dynamics are observed in enhanced cyan fluorescent protein (ECFP) 13, 15 , the shorter decay component being attributed to a conformation where the fluorescent chromophore experiences enhanced intramolecular quenching from His148 15 . Recent X-ray crystallography work has pointed to a heterogeneous local environment for the EGFP chromophore arising from two distinct confirmations of Glu222 21 . 22 . FRET measurements between EGFP and mCherry in tandem constructs (where a high interacting fraction is expected) have indicated substantially lower values, the cause of which has been suggested to arise from incomplete maturation of mCherry, yielding a FRET inactive form 11, 23 . Fluorescence from mCherry is characterized by a considerably lower quantum yield than EGFP (0.22 vs. 0.6) and a significantly shorter average lifetime (ca. 1.47 vs. 2.75ns 9 ). The reduced quantum yield of mCherry has been attributed to faster non-radiative relaxation arising from non-planarity of its chromophore 24 . Formally, FRET is described in terms of simultaneous electric dipole allowed isoenergetic donor and acceptor de-excitation and excitation events mediated by the exchange of virtual photons 25 . As a result, the spectrum of FRET excitations directly mirrors the overlap between the donor emission and acceptor absorption. It should be noted that this is maximized at energies greater than that of the single-photon absorption maximum of the FRET acceptor. In recent work 9 we examined the fluorescence decay of mCherry with single-photon excitation wavelengths spanning the donor acceptor overlap region (470nm-610nm) as shown in Figure 1 . Across this region, the fluorescence decay of mCherry was clearly bi-exponential, yielding a sub-1.6 ns fast (majority) component and a longer lived component of ca 3 ns in the blue which reduced with longer excitation wavelengths to a value of ca.1.8 ns at 610 nm. The measured fluorescence lifetimes and their relative amplitudes are shown in figure 2.
Sample
Here it can be seen that a reduction in the weighting of the fast component is mirrored by a reduction in the lifetime of the slower component, with the effect that the average fluorescence lifetime showed only a slight decrease from ca 1.7 ns to 1.6 ns across the overlap region. If optical excitation and dipole-dipole transfer were equivalent then an overlap-weighted average of the excited state decays accessed by single-photon excitation of mCherry across this window should yield the same fluorescence decay as that for unrestricted FRET to mCherry. This average corresponded to two decay components with lifetimes of 1.47 ns and 2.77 ns with relative amplitudes of 0.844 and 0.156 respectively, corresponding to an average decay time of ca 1.67 ns. In our recent study of FRET between EGFP and mCherry, we employed the in vitro 3-Phosphoinositide Dependent Protein Kinase 1 (PDK1) dimerization system 10 to study state selection using time-resolved intensity and anisotropy measurements. To characterize the heterogeneous populations involved in energy transfer, fluorescence intensity decays were recorded in two spectral windows spanning 520 nm to 542 nm dominated by EGFP emission (the donor window) and 630 nm to 650 nm (the acceptor window) containing both FRET excited mCherry fluorescence and significant non-interacting donor (EGFP) bleed through. Given the intrinsic heterogeneity in the EGFP and mCherry populations (see Table 1 and Figure 2 ), a formal description of the FRET dynamics arising from the partial dimerization of PDK1 should in principle involve four pathways. From measurements of the EGFP fluorescence decay we observed that FRET appeared to be restricted to the faster decay component of EGFP 9 leaving the possibility of FRET from this state accessing the two mCherry populations. If FRET between the "active" state of EGFP and the two mCherry sub-populations was unrestricted, we would expect to observe an acceptor window fluorescence signal that contains both the sensitized acceptor emission arising from FRET together with the bleed through of non-interacting (and non-participating) EGFP emission. The relative sensitivities of the acceptor window to these two signals, the B parameter 9 (see Equation 1), was calculated to be 19.95 9 so with a 5% fraction of interacting donors, the relative contribution of sensitized acceptor fluorescence and donor bleed through in the acceptor window are approximately equal.
With approximately equal donor and acceptor contributions to the acceptor window signal the fluorescence, assuming one active donor FRET population and negligible direct acceptor excitation, is potentially complex, having the form: With a B value in the range of 20 9 and a small interacting fraction, the dominant terms in the acceptor window intensity are 
Qualitatively the acceptor window fluorescence is characterized by a growth (the negative amplitude exponential terms in Equation 3) and subsequent decay. In the case of positive X values, this originates from the non-interacting donor bleed through and the decay of FRET excited mCherry. Extracting six lifetime components from the acceptor window fluorescence is not a realistic proposition. Even with high signal to noise ratio data, a biexponential fit to the acceptor window data (yielding an effective rise time and an overall decay time) is the most accurate analysis that be achieved 9, 26 . In order to extract more information on the nature of the FRET interaction, additional experimental approaches are necessary.
Acceptor Window Fluorescence Anisotropy Measurements
Fluorescence anisotropy measurements are a most useful counterpart to intensity data. In a heterogeneous system with i components, the net fluorescence anisotropy 27 is given by
where
is the time-dependent weighting factor of component i at a particular emission
Here α i (λ) is the initial detection amplitude of species i at emission wavelength λ and is dependent on the initial population size and the spectral detection efficiency of the apparatus and F i (t) represents the intrinsic population dynamics of species i. With direct optical excitation the F i (t) are single exponential decay functions. However for FRET transfer, the F i (t) have the bi-exponential functional form as in Equation 3. In the donor window, the composite fluorescence anisotropy arises from that of the interacting and non-interacting donor populations, whilst the acceptor window signal is dominated by the non-interacting donor bleed through and the sensitized acceptor fluorescence arising from FRET. In the PDKI dimerization system, the intrinsic anisotropy decays arising from rotational diffusion are slow. The donor bleed through is characterized by a high initial anisotropy, R(0) ≈ 4/7, and a slow rotational diffusion time (t R DNI ) of ca 30 ns 9 , and for the fluorescently tagged homodimer Here γ 1,2 is the molecular frame rotation angle of the emission transition dipole moment between the donor and the two possible acceptor states. The rapid (sub-ns) depolarization of the acceptor window anisotropy therefore corresponds to the effective rotation of the emitting transition dipole moment in the molecular frame as a result of FRET 9 with γ 1,2 > 54.7° such that P 2 (cosγ 1,2 ) is negative. If FRET were unrestricted, we would expect the acceptor population to be characterized by a bi-exponential decay with lifetimes of 1.47 ns (ca 84%) and 2.77 ns (ca 16%) respectively. The excited mCherry population resulting from FRET would therefore be expected to decay with an approximate lifetime of 1.67 ns (see above). The average fluorescence lifetime of EGFP in the donor window is 2.75 ns 9 . The relative weighting of mCherry fluorescence to EGFP bleed through should first increase from zero on the timescale of FRET transfer leading to a drop in the composite anisotropy (as observed in Figure 3) . However, if laboratory frame photoselection and FRET were wholly equivalent (i.e. the population of both mCherry emitting states), the overall mCherry weighting will decrease leading to a rise in the anisotropy within a few ns as the non-interacting donor bleed through predominates. This is clearly not the case, and to maintain the low fluorescence anisotropy that is observed, the sensitized mCherry fluorescence must have a similar lifetime to that of the non-interacting EGFP bleed through (2.75ns). FRET must therefore take place exclusively to the minority 2.77 ns decay (15%) component of the mCherry population. 
AN ALTERNATIVE APPROACH TO SENSITIZED FLUORESCENCE INTENSITY MEASUREMENTS
FRET is most commonly detected and analyzed through the measurement of the donor fluorescence intensity decay, with measurement of the reduction in the donor lifetime due to FRET yielding the transfer rate if the intrinsic fluorescence decay rate is known 28, 29 . Additionally, if the κ 2 orientation parameter and the Förster radius are known, the donor-acceptor distance can be determined 30 .
For a homogeneous population of interacting donor and acceptor molecules, Equations 1 and 2 simplify to,
Thus, when k FRET is greater than the difference between the donor fluorescence rate and that of the acceptor, the X parameter is positive and the sensitized acceptor fluorescence will exhibit an exponential rise whose time constant is (k F D + k FRET ) -1 . Measurement of this rise lifetime (given k F D ) should therefore permit the determination of k FRET . As such, this approach has been has been widely applied 23, [31] [32] [33] [34] [35] . In the previous section we showed how the interplay between the non-interacting donor bleed through and that of the sensitized acceptor emission can yield a composite fluorescence anisotropy signal that is very sensitive to lifetime differences between the two species if both populations are characterized by slowly relaxing intrinsic orientational correlation functions but with fluorescence anisotropies of opposite sign (arising from FRET dipole rotation angles of γ > 54.7°). However, this is not the case for intensity measurements, as the combination of sensitized acceptor fluorescence and non-interacting donor bleed through is always additive as opposed to subtractive.
FRET restriction between EGFP and mCherry in the PDK1 dimerization system leads to sensitized acceptor window fluorescence given by Equation 7 . Least squares fitting analysis of the acceptor window fluorescence decay, including iterative reconvolution with the instrument response function, yielded a bi-exponential signal with one positive and one negative amplitude component, However, the rise and decay lifetimes extracted did not unequivocally indicate the FRET restrictions that were found to operate, necessitating the use of the acceptor window anisotropy to provide explicit confirmation of the underlying population dynamics. Acceptor anisotropy measurements give the clearest picture of population dynamics when the interacting species do not undergo any significant orientational depolarization. However, these dynamics are significantly more complex for the case of a rapidly reorienting donor interacting with a slowly reorienting acceptor 36, 37 . In these situations a reappraisal of the information that can be extracted from acceptor window intensity measurements becomes necessary.
Bi-exponential models as in Equation 9 appear to provide good agreement with acceptor window fluorescence intensity data, based on satisfactory χ R 2 values. However, as shown in Equation 1, more decay rates than the two provided by the fit will contribute to the shape of the decay. The relationship of the parameters extracted from bi-exponential fitting to the underlying heterogeneous population dynamics and non-interacting donor bleed through must therefore be assessed. We therefore performed numerical simulations of FRET from a homogeneous donor (single lifetime of 4 ns) and heterogeneous acceptor population with lifetimes of 1.315 ns and 1.897 ns, mirroring those observed in a recent study in our laboratory 26 . Under these circumstances, the parameter C in equation 1 becomes zero. As X values can become large and negative in the vicinity of
, simulations were performed using six values of the interacting donor lifetime close to and in-between the acceptor lifetimes. To investigate the impact of the amount of FRET occurring on the parameters output, interacting fractions of 0.25, 0.50, 0.75 and 1.00 were simulated, assuming equal abundance of the two acceptor species and equal FRET rates to the two states. The amount of donor bleed through into the acceptor window was controlled by varying B between 0.5 and 100.
Fluorescence decay datasets were simulated using MATLAB (The Mathworks) by convoluting the fluorescence decay function with the measured IRF of our TCSPC system 9 . Poisson noise of a magnitude expected for measurements with a peak value of 5000 photons was then added, to reflect the signal levels that we obtain in our measurements. The decay was then fit to a biexponential function using iterative reconvolution with the IRF in the Fluofit MATLAB package 38 . A good fit was judged to be that which minimised the χ R 2 statistic below 2. 10 decays were simulated at each B value for each set of FRET parameters, giving a total of 24,000 fluorescence decays. This process is schematically represented in Figure 4 . The results of these simulations are shown in Figure 5 . We observed that the ratio of the magnitude of the negative decay amplitude to the positive amplitude, |α rise |, increases towards the limiting value of 1 with increasing B. From Equation 1 this would be expected as for large B (or F I ) the positive amplitude bleed through in the acceptor window can be neglected, and each positive amplitude FRET decay component will be present with a negative component of equal magnitude. We therefore investigated whether the variation in |α rise | with B could be described by the ratio of the negative amplitudes to the positive amplitudes present in Equation 1, given by Good agreement between Equation 10 and the simulated data would imply that the rates of FRET to the two acceptor states could be deduced from the ratio of amplitudes alone, allowing state restriction to be investigated using this parameter. For all values of the FRET parameters, the rise lifetime was shorter than that expected from an amplitude-weighted average of the negative amplitude components. Likewise, the best-fit decay lifetime was larger than an amplitude-weighted average of the positive amplitude components in the acceptor window decay model. These results demonstrated that none of the fit parameters could individually be used to extract the unknown parameters from Equation 1 from acceptor window fluorescence intensity decay data. The disagreements between simple amplitude-weighted models of each parameter and the parameters output by the fits were largest at high donor bleed through (low B). This suggested that the presence of increased donor bleed through (no negative amplitude component) was skewing the bi-exponential fit parameters towards shorter rise times and correspondingly longer decays times, with their relative amplitudes altered in order to maintain a good fit to the data. Despite the lack of correlation between individual best-fit parameters and the parameters describing the FRET interaction in the theoretical model, good fits across the decay curves were nevertheless maintained. As the individually skewed parameters still gave a good description of the shape of the acceptor window fluorescence decay, we investigated the agreement between a composite function of the three decay parameters and that expected from the theoretical model of FRET. As shown in Figure 4 , the shape of the acceptor window fluorescence decay is characterized by an initial rise and subsequent decay. The turnover between these regimes takes place at time t 0 when the rise (negative amplitude) and decay (positive amplitude) components in Equation 1 are equal in magnitude. Increased donor bleed through will therefore cause t 0 to shift to earlier times. The point at which the best-fit curve turns over is a function of all three fit parameters, achieved by differentiation of the biexponential fitting function, giving, (12) We therefore investigated whether the composite fit parameter in Equation 11 gave a better agreement with the theory in Equation 12 than any of the individually skewed parameters. As shown in Figures  5(g), 5 (h) and 6(e), the turnover point of the least-squares fit and the theoretical FRET model were in excellent agreement for all FRET interaction parameter values, suggesting that in instances where the acceptor window anisotropy cannot be easily used to determine the FRET population dynamics, determination of the turning point of the acceptor window intensity decay provides a useful alternative.
CONCLUSIONS
It is clear from both experimental work and theoretical modeling that the unavoidable complexity of intrinsic and environmental heterogeneity in fluorescent protein FRET cannot be adequately addressed solely through conventional fluorescence intensity decay measurements. In systems where donor and acceptor rotational motion is slow compared to the timescale of FRET, the relative weighting of the non-interacting donor bleed through and the sensitized acceptor emission gives rise to acceptor window anisotropy dynamics that are sensitive to the lifetimes of the acceptor states accessed. This information, together with conventional donor and acceptor window intensity decay data, has been successfully applied in unraveling the FRET dynamics of the PDK1 dimerization system. The use of anisotropy data in more orientationally mobile donor-acceptor systems is less straightforward and an alternative approach to extracting real FRET rates through the measurement of the turn over time in the acceptor window emission signal has been demonstrated by theoretical modeling. Quantitative and reliable FRET measurements in heterogeneous systems should therefore be possible through a combination of these approaches.
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